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SUMMARY / 2 L4/

The principles, policies, and procedures used by NASA
in achievingb satellite reliability by exploiting environ-
mental testing techniques are described. The formalized
environmental test plan for a typical satellite program is
reviewed to illustrate these objectives. A discussion that
highlights the reliability objectives of space missions as
contrasted with military or industrial missions is given.
Actual experience gained by utilization of this program is
shown by results obtained with several scientific satellites
that have been successfully orbited.



CONTENTS

SUMMATY v e o v v o v v v ansse

INTRODUCTION ..... Cee st e e .o
SPACE SYSTEM DEFINED e ee e e
THE RELIABILITY PROBLEM DEFINED.....
Probability . .. .. cr e e en e .o e
Required Functions ........... . .
Environmental Conditions ..... ces e ..
-Lifetime ............ .o . o e
A TEST PHILOSOPHY...... c i et et
THE ENVIRONMENTAL TEST PROGRAM ....
TYPICAL TEST PROGRAM .... ce oo s e

iii

-------
ooooooo
ooooooo
ooooooo
ooooooo
. .
® o 0o 0

. . .
. .
-------
ooooooo

10

12

16
17
19



ACHIEVING SATELLITE RELIABILITY
THROUGH ENVIRONMENTAL TESTS*

by
John C. New
Goddard Space Flight Center

INTRODUCTION

Perhaps no venture in history has so completely captured the attention and resources of the
peoples of the world as the series of events now unfolding as the Space Age. Also, there is probably
no age in history—-the supersonic age, the jet age, or the automatic age notwithstanding—that ultimately
could be as important to each of us, either as individuals or as nations.

The Space Age was ushered in October 4, 1957, with the dramatic announcement by the USSR of
the successful orbit of Sputnik I (1957 o 2). Since that date, 150 space systems—including Vanguards,
Explorers, Cosmos, Pioneers, Luniks, Vostoks, Discoverers, Mercurys, Mariners, Tiros—have been
successfully launched. The U. S. program has placed an estimated 167,000 pounds in orbit, in contrast
with the 250,000 pounds estimated for the USSR program. A summary of space activity is presented
in Table 1.

The Echo passive satellite has been sighted by millions; television programs have been relayed
across the Atlantic by Telstar; astronauts of the Mercury program have seen six sunsets in less than
a day; Mariner has probed the Venus atmosphere and established a communication distance record
in excess of 50 million miles; and Tiros has faithfully produced weather pictures that have saved
countless lives and millions of dollars by timely warnings of hurricanes alone.

These achievements don't belong to any single group. They are a product resulting from the in-
dustrial, governmental, and academic communities working together as partners in a gigantic techno-
logical race. Great impetus was given to this program when President Kennedy set forth the national
goal of landing a man on the moon and returning him safely within this decade. By authority of the
Space Act of 1958, the resources of this nation have been organized under the direction of the National
Aeronautics and Space Administration (NASA) to implement the space program for the peaceful

*Presented at the Institute of Environmental Sciences, Los Angeles, April 17-19, 1963; also published in Proceedings.



Table 1

Space Activity Summary (as of Dec. 31, 1962).

Spacecraft Earth Manned Lunar Interplanetary
Orbited Satellites Spacecraft Probe Probe Total
u.s. 115 3 1 5 124
USSR 18 4 1 3 26
Totals: 133 7 2 8 150

benefit of mankind. Total expenditure for this space effort through calendar year 1962 is estimated
at $8 billion. The cost of space activities during 1963 will approach nearly 1 percent of the gross
national product. While it is difficult to assess costs in a research and development program, dollar
economy must never be overlooked. For example, the cost of a typical 200-pound scientific satellite
in orbit, when launched by a Thor-Delta vehicle, is about $10 million. Thus, the cost per pound is
about $50,000.*

SPACE SYSTEM DEFINED

Before proceeding, it is desirable to define just what is being discussed, In the unmanned explo-
ration of space, three systems are usable: the sounding rocket, the earth satellite, and the space
probe (identified in Figure 1). A space system is composed of a launch vehicle or booster that lifts
the payload—spacecraft or satellite—to the desired altitude. At this point the spacecraft or probe is
injected into an earth or sun orbit by means of a final stage that imparts the necessary kinetic energy
to maintain the orbital or escape velocity. The main functions occurring during this trajectory are
shown in Figure 2. The spacecraft, which has shed its protective shroud after leaving the atmosphere,

*Earlier estimates, Reference 1, had cited this figure at $67,000 per pound.

SOUNDING ROCKET EARTH SATELLITE

SPACE PROBE

APOGEE

ESCAPES EARTH'S
GRAVITY FIELD AND ORBITS
SUN OR OTHER BODY

MAXIMUM ALTITUDE
LESS THAN
EARTH RADIUS

NEVER ESCAPES
EARTH'S GRAVITY FIELD

Figure 1—Space exploration.



is composed of a structure, power supply, telemetry system, interface hardware (such as cabling,
connectors, junction boxes, etc.), and the prime payload—the scientific experiments; these elements
are shown in Figure 3. The distribution of weight is shown for five different satellites in Table 2.

A satellite typical of the second generation observatory class is shown in Figure 4.

DOUGLAS
FLIGHT CONTROLLER

———— FIRE THIRD STAGE
________________ TIME, 1175 sec

~~“COAST PERIOD, 900 sec e SN
/ PROGRAMMED ATTITUDE CHANGE ~~~
SECOND STAGE COMMAND SHUTDOWN PAYLOAD SEPARATION .
TIME, 275 sec TIME, 1215 sec
BTL /’ FAIRING SEPARATION
RADIO GUIDANCE /~ ~  FAl

SECOND STAGE SEPARATION AND IGNITION

MAIN ENGINE CUTOFF
TIME, 160 sec

i
1
|
THOR !
AUTOPILOT \ |

\ VERTlCAL LIFTOFF
/ TIME,

~

Figure 2—Typical launch sequence for Thor-Delta vehicle.
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Figure 3—Elements of a spacecraft.




ANTENIIA A spacecraft or satellite is a very complex
system. It is primarily electronic in nature, since
all actions must be effected through radio com-
mands. A scientific satellite might include 1000
transistors, 1500 diodes, 5000 passive compo-
nents (resistors, capacitors), and 8000 solar cells.
It must be capable of "unfolding' in space large
antennas, solar paddles, and remote positioning
booms. The structures might extend from a few
feet to several hundred feet. In addition, there
are precise and exacting ""laboratory type"
instruments—Geiger counters, photomultipliers,

mass spectrometers, precision optics—all of
Figure 4—Orbiting Geophysical Observatory. which must operate without benefit of human hands.

Perhaps we now have a basis to consider the extreme importance of satellite reliability and the

complexity of the quality assurance problem. Factors that vitally affect this effort are:

The high unit cost of each launch

The small quantities involved—no mass production

Impact on national prestige

Complexity of spacecraft

Consequences of launch blowup

Lack of environmental knowledge

Use of unproven hardware in a new design application

Flight readiness at specific periods for orbital, rendezvous, or planetary operations

The achievement of high reliability with such diverse factors requires an intensive effort and
demands near-perfection in materials, design, management, manufacture, assembly, test, andlaunch,
And PEOPLE must produce this perfection.

THE RELIABILITY PROBLEM DEFINED
The reliability problem is easy to cite. But just what is it? Is it a fad, a figure, or a fancy way
of saying something else? The accepted definition for reliability of a given system is:
The PROBABILITY of pevforming the REQUIRED FUNCTIONS undev

DEFINED CONDITIONS for a specified PERIOD OF TIME

The four key elements of this definition are probability, success, environment, and time. We
will examine the meaning of each element as it applies to the space program,




Probability

This element cites the degree of success desired, or the number of failures permitted — or the
mean time between failures. It describes how well the system must work, or it is a measureof one's
confidence in a system's performing as designed. This probability is more of a goal than an estab-
lished fact, Specific values depend on missions as well as systems, For example, a higher relia-
bility is demanded of a manned mission to the moon than for a Venus fly-by or for an unmanned Or-
biting Solar Observatory. Specific probabilities for space missions are difficult to assign. A goal
of 0.95 is commonly used or, stated differently, the risk of failure should not be greater than
1 in 20,

It is interesting to compare the requirements for a military missile weapon system and the or-
biting of an unmanned spacecraft: In both systems the reliability of the launch vehicle should be as
high as possible. The required function of the missile system is the detonation of a warhead in a
defined target area; the required function of the spacecraft is the transmission by radiotelemetry of
encoded scientific data. The overall success of the missile system (target-kill) can be enhanced by
multiple launchings; in contrast, failures in the spacecraft simply mean loss of the scientific data.
The weapon system must be capable of being launched on demand; the spacecraft, within limits, can
wait "favorable conditions' and can be protected from adverse climatic conditions — it generally
can be given the "white-kid-glove'' treatment.

Required Functions

The operation of a scientific satellite after it is injected into orbit depends on the mission re-
quirements. In a general way, the required functions consist of sensing some space characteristic
(e. g., electron density, energetic particle, solar radiation, or micrometeorite), converting the charac-
teristic to an electrical signal, encoding several such signals, and telemetering the encoded signal to
Earth. In addition there are requirements for temperature regulation, spin-up attitude sensing, and
perhaps pointing control. It is not an easy task to define these required functions in terms of success
or failure; they seldom are either black or white, The recovery of the information signal from the
noise is a challenging task requiring a complex of electronic computers.

Environmental Conditions

The general environmental categories that a satellite encounters may be categorized as: (1)
prelaunch, (2) launch, (3) orbit, (4) planetary dwell, and (5) atmospheric entry.

A significant design factor for a satellite is that careful control of the environment can be exer-
cised under category (1), but beyond that category the full range of conditions must be considered. As
would be expected, the general configuration of the spacecraft may be different for each of the cate-
gories cited. The several environments to be encountered are shown in Figure 5, Some quantitative
values for the cislunar space environments are shown in Figure 6.
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Figure 5—Environmental conditions experienced by space systems.
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Figure 6—Properties of cislunar space.



Lifetime

The effective life of a satellite with a perigee of better than 150 miles is often dictated by its
power supply and duty cycle., Where chemical batteries alone are used, the satellite life has aver-
aged about 3 months., When a solar-cell rechargeable battery system is used, lifetimes of 1 year or
more have been achieved with the average closer to 6 months. The most damaging effect is that of
the enhanced radiation belt, Some details on selected satellite lifetimes are presented in Appendix
A. It is noteworthy that the solar-powered transmitter of Vanguard 1(1958 8 2)is still operating after
nearly 5 years.

A TEST PHILOSOPHY

Reliability is an attribute of a system that must be designed into it. Testing can be used to test
and evaluate the efficiency of a design. To some extent, testing can be used as a design tool to elimi-
nate "weak links" in a system and thereby upgrade its quality. It can also be used to discover failure
modes. Some of the popular concepts of testing are given in Table 3.

Achieving confidence in the successful per- Table 3
formance of a spacecraft poses a new type of Testing Concepfs.
reliability problem. The mathematical model
so successfully employed in missile systems,
while useful in highlighting critical system ele- Failure test Design margin, failure mode
ments, provides little assurance for space sys-

Type Tests Purpose

tems. Spacecraft are one-of-a-kind, virtually Life test Fatigue limit, time-to-failure
hand-built systems. At most a prototype and Specification test | Qualification, production,
two flight units are available. There are no acceptance

""experience data' or failure mode information. Special test Investigate special conditions

The spacecraft as a system is very complex,
utilizing thousands of components, and extends
the state-of-the-technology both in design and
fabrication. The sage advice of the statistician can be heard: "When you have only one sample, why
try to predict its strength? — Just test it."” Thus an Environmental Test Philosophy for spacecrait
has been developed at the Goddard Space Flight Center (GSFC) for the purpose of determining the
suitability for launch of a flight spacecraft (Reference 2).

Performance under environmental
stress

Environmental test

THE ENVIRONMENTAL TEST PROGRAM

The ETP consists of a realistic series of environmental exposures that simulate the mission
profile applied to both prototype and flight spacecraft in a configuration and mounting arrangement
that duplicate space flight conditions as nearly as possible. The performance of the spacecraft is
monitored either by the on-board telemetry or by means of special instrumentation. The perform-
ance of the spacecraft is continuously evaluated as calibrated stimuli are applied to the scientific



experiments. Failures are diagnosed and corrected as they occur, thereby eliminating the ""'weak
links'' and continuously upgrading the quality level of the system. Upon completion of the expected
life exposure or after accumulation of sufficient exposure to reduce the failure rate to a random level,
the spacecraft is considered qualified. The foregoing process might be summarized by stating that
the spacecraft is launched and ovbited in the laboratory by means of an integrated series of environ-
ment simulation tests.

It is significant to note the fundamental difference in the test and evaluation process as it is com-
monly applied to a mass-produced military weapon system and to a one-of-a-kind space system. A
comparison is shown in Table 4.

Table 4
Test and Evaluation Objectives.
Military System Space System
1. Performance tests 1. Performance tests
To demonstrate system operability under To demonstrate system operability under
environmental conditions environmental conditions |
2. Evaluation of design disclosure documents 2. Evaluation of interface problems between
(dwgs., spec., manuals) actual subsystems
3. Evaluation of mass producibility and pro~ 3. Evaluation of single sample with continuous
duction lot characteristics upgrading
4. Classification of defects 4. Redesign, repair, or replacement of
defective hardware
5. Evaluation of performance data to 5. Training of launch team and data acquisition
establish statistical limits for user group in individual characteristics of system
6. System evaluation for feedback into future | 6. Systems evaluation for feedback into future
designs designs

One element contributing to the success of the ETP in spacecraft development has been the es-
tablishment of the environmental specification early in the project development cycle. This can
generally be accomplished after the mission and the vehicle have been selected.* This specification
gives the designer a specific and tangible goal to work toward; he knows when he has "'cleared the
hurdle' and thus places a finite end to the development cycle. However, this also means that the en-
vironmental test must be valid and based on an intelligent and realistic interpretation of measured
data. In the GSFC program an attempt is made to measure new environmental data with each launch
to provide a basis for updating and providing timely test specifications.

Establishment of environmental test levels for a system yet to be designed and for a mission in-
to space is very vexing, We must be conservative to cover the unexpected and unknown, and yet be
realistic so that the design and development can be accomplished within the restraints of the schedule,
budget, and state-of-the-art. For profolype systems in which qualification of a design is the main

*“General Environmental Test Specification for Delta Launched Spacecraft,” NASA Goddard Space Flight Center, System Evaluation
Braach Specification No. G-2-000.



objective, test levels have been set at 1-1/2 times the worst conditions expected in flight. Flight
systems are tested for acceptance at the worst conditions expected, compatible with the mission
nrofile. This philosophy recognizes that some of the flight system's useful life is used by the these
ground tests, but reduced longevity is considered a prudent tradeoff to insure against infant mor-
tality, Added confidence in the design and assurance that fatigue failures will not be critical are
achieved by running the prototype system tests for twice the duration of the flight unit tests. Some-
times the prototype unit is cycled through the test series for a number of cycles to establish failure
modes and time-to-failure history.

The practical and specific application of the foregoing philosophy might be illustrative. For vi-
bration tests the expected measured frequency range is covered for both prototype and flight units.
The amplitude (g's) is set at the average +20 (95 percent point) value where several measurements
are available; otherwise, the worst case projected from similar vehicles is assumed for the flight
unit, This amplitude value is increased 50 percent for prototype units; and the duration is twice the
flight unit value, which is based on approximate flight time or a sweep rate that will allow a resonant
condition to achieve at least 95 percent of its peak amplitude,

While the application of this philosophy to the launch environments is fairly "straightforward,"”
there are some difficulties with the orbital environments, such as space vacuum, solar simulation,
and the 4°K heat sink of space. Likewise, it is impractical to test for the expected satellite lifetime.
This has lead to the formulation of a failure model as shown in Figure 7. The principal factor inthis
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TESTING
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a 3 :
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g y | d
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Figure 7—Failure patterns.




model is the reduction of failures under environmental tests until some random rate is reached, Also,
the curves suggest that the failure rate is more severe for the prototype than for the flight unit, as
would be expected from the more severe environmental stress levels used. It is current practice to
expose the spacecraft to a test that permits thermal balance of a predetermined part of the system
under the best attainable vacuum conditions, which must be 1 x 1075 torr or better. This thermal-
vacuum test is conducted for both the "hot' and ''cold" calculated orbital temperature extremes. This
temperature is arbitrarily raised and lowered 10° C for the prototype units. The length of the test
should be consistent with the failure model, and has often been set as 3 days hot and 2 days cold, or

a total of 5 days. The prototype is often tested for 7 days or more. Sufficient experience to evaluate
the appropriateness of these choices is just now being accumulated. Reference 3 treats this problem
in detail and suggest that this type test should be lengthened to 4 days hot and 4 days cold.

The space environments of meteorites and energetic particles are known to be particularly dam-
aging; however, facility limitations have precluded their use in environmental test programs, In
general these effects have been treated and allowed for on an analytical basis or by extrapolation of
test results on materials and components. For example, it has been quite common to shield solar
cells from radiation damage by means of glass covers of varying thickness up to 60 mils.

TYPICAL TEST PROGRAM

A typical environmental test program for a spacecraft includes background information about
the mission requirements, the launch vehicle, the spacecraft and its functions, and the data handling
systems. Detailed information is given on the environmental tests, the spacecraft checkout proce-
dures, the test schedule, and the data collection procedures for both the on-board telemetry and spe-
cial instrumentation.

The environmental exposures are nor-

le 5
mally applied in a sequence consistent with Table

. .. . Typical Environmental Test Sequence.
major events in the mission profile, such as 7P a

prelaunch operations, launch, separation and 1. Pyrotechnic RF hazard

injection, and orbital flight. A typical sequence 2. Leak test for hermetically sealed units

is shown as Table 5. 3. Static and dynamic balance

4. Mass property determinations (wt, c.g., M=1)

In addition, there may be several tests of 5. Spin & paddle boom or antenna deployment

a specialized nature dependent on the par- 6. Temperature and humidity

ticular spacecraft or mission. Tests of this 7 Shock

type couldinclude sterilization, radiationdam- i

age, life tests, ordnance safety tests, struc- 8. Vibration and acoustic

tural tests, atmospheric heating tests, shroud 9. Steady state acceleration

fit, ejection and contamination test, guidance 10. Thermal-vacuum and corona check

and control tests, and pressurization tests, 11. Solar simulation and/or solar power check
One of the really challenging tasks of the 12. Magnetic check

Space Age is completing the environmental 13. Antenna pattern and RF spectrum check

10



test program for a spacecraft on a schedule that allows it to be joined to the launch vehicle and suc-
cessfully launched. Normally this process may have up to 6 months allocated to it (Figure 8); how-
ever, since this is the last major function before launch site checkout, it often must be accomplished
in 6 weeks or less. This places a premium on a properly planned program: It means that the re-
quired facilities must be available and thoroughly checked out, It means that each participant in the
program must be thoroughly trained in his job and know the lines of authorities and responsibilities.

It is difficult to generalize the manpower and dollar costs of such programs. In fact the neces-
sary data whereby a meaningful analysis can be made are just being accumulated. As a point of re-
ference, manpower requirements for the environmental test program range between 15 and 25 per-
cent of the total for the project development. On a recent satellite project in the 100 to 150 pound
class the manpower requirements totaled 15 direct man-years of effort. To date, the dollar cost of
the spacecraft environmental test programs has been less than 10 percent of the irrecoverable cost
of the spacecraft launch. It is estimated that the in-orbit cost of a Thor-Delta launched spacecraft
is $10 million. Included in the 10 percent figure cited is the prorated cost of spacecraft test facili-
ties distributed over about 20 launches and 10 years of time.

It is very essential that a modern, well-equipped environmental test laboratory be available to
carry out the type of program discussed. The Goddard Space Flight Center has just completed such
a laboratory, which has a capitalized cost of about $15 million. It makes available nearly 3 acres of
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Test, Flight Unit Acceptance
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Range Compatibility, Vehicle Fit, (I
/C Checkout, Countdown

DATA ACQUISITION
Tracking, Orbit, Data Reduction YA

SCIENTIFIC REPORTS
Data Analysis, Theory Evaluation, New
Discoveries

Figure 8—Scientific satellite development cycle.
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air-conditioned, dust-free working area including office space. It has been designed to handle space-
craft weighing up to 4000 pounds with a maximum dimension of 10 feet in diameter by 15 feet in
length, Centralized data handling facilities including digital computers are available for rapid pro-
cessing of spacecraft data. Some typical views of this laboratory are shown in Figures 9, 10, and 11,

SPACECRAFT FAILURE DISTRIBUTION

A review of scientific satellite failures that have been detected by means of environmental test
programs has been made for the calendar year 1962. This review of 114 failures, while not exhaus-
tive, is believed to be representative of results that can be achieved. Five satellites were chosen
for this review, all of which were launched and successfully performed in space during 1962. These
satellites were chosen to represent several factors that might influence their complexity. For ex-
ample, weights varied from less than 100 to over 300 pounds; three launch vehicles were represented;
the scientific disciplines represented by the on-board experiments covered electron density; galactic
noise; corpuscular, solar, and cosmic radiation; magnetic fields; ionospheric relations; and com-
munication experiments. The telemetry systems were typically PFM, although one system included
traveling wave tubes. Only one of the systems used batteries exclusively; the other four included

Figure 9—Spacecraft test facility at GSFC.
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solar cells for power. The satellites reviewed include those developed by NASA, by industry, and
through international cooperation., They all, however, were tested under the same philosophy ex-
pressed in this paper.

Detailed statistics will be found in Tables 6 and 7 (also see Figure 12), Some salient obser-
vations are that the ratio of electrical to mechanical failures is 4:1 (80 percent vs. 20 percent). The
mechanical problems were chiefly concerned with antenna design, subsystem mounting, and local
resonances. Stronger and stiffer designs, together with damping (often by potting), were general
solutions to these problems. Electrical problems were often erratic and spurious, requiring much

Table 6
Failure Distribution by Spacecraft.
Failures During Test
Spacecraft V\zleg?hf Vehicle Electrical Mechanical Total
no. % no. % no. %
A 94 Scout 10 71 4 29 14 12
B 170 Delta 15 83 3 17 18 16
C 86 Delta 18 78 5 22 23 20
D 150 Delta 42 86 7 14 49 43
E 310 Thor-Agena 6 60 4 40 10 9
Total 91 80 23 20 114 100
Table 7
Failure Distribution by Test Condition.
Failure During Test*
Electrical Mechanical
Failure Category Total
Total Total
A| B C| D E AlB|C|D]|E
no. % no. % | no. %
Checkout - 2 3 5] 2] 12 13| -t -11] 411 6 26 18 16
Vibration 7 5 3 41 1] 20 21 43 3| 1|3] 14 6] 34 30
Temperature - 1 1 -1 3 3| - -1 - -1- - - 3 3
Vacuum - 1 3 1] - 5 5/-1-1=-7-1- - - 5 4
Thermal-vacuum 3 6 8|32} 21| 51 56| -| - 1({2¢}- 3 13 54 47
TOTAL 10115118142 6| 91 |100| 4| 3| 5|7 ] 4] 23 100] 114 ] 100

*Test conditions for spacecraft A, B, C, D, and E.
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TYPICAL ELECTRICAL FAILURE (THERMAL RUNAWAY) REVEALED
DURING THERMAL-VACUUM TESTS AND INADEQUATE HEAT SINK OR
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INTERNAL BRACING AND STIFFENERS REDUCING RESONANT AMPLITUDE BY FACTOR OF 10

POOR CONTACT

DIODE WORKMANSHIP FAILURE REVEALED DURING TEMPERATURE TEST MECHANICAL FAILURE OF TRANSISTOR DURING VIBRATION

Figure 12—Failures in spacecraft.
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troubleshooting. Solid state components were often found to be faulty. Local overheating was often
corrected by providing improved heat sinks and heat conduction paths. The failure distribution seems
reasonably consistent among the satellites. While not evident from the information presented, there
appears to be a general relation pointing toward increasing failures with satellite complexity and de-
velopment group inexperience. This result would be expected.

Nearly one-half of all the failures reviewed occurred during the thermal-vacuum test, which
simulated space conditions. However, nearly one-sixth of the failures occurred during checkout, and
about one-third during vibration. One observation to be made from these data is the importance of
completing the entire system and checking it out early in the project life. One-sixth of the errors
noted here are primarily indicative of the interaction of subsystems and the many interface problems.
Cabling and connectors are particular offenders at this stage of checkout. The primary item to note
again is that each of these failures was detected, corrected, tested, and evaluated. The final result
in space was a successful satellite, One unanswered question is whether there is some other, or
more effective, mechanism whereby these failures can be detected earlier in the project life.

OBSERVATIONS AND CONCLUSIONS

The most important element in achieving satellite reliability is the quality of the project people
and their proper motivation. Most failures can ultimately be traced to some individual who failed to
appreciate the importance of details. Seldom has it been found that there was a basic material de-
ficiency. Personal attitudes, work habits, training, and management policies are all vitally impor-
tant. However, written directives are poor substitutes for technical competence. A few axioms,
developed from the GSFC space experience, might prove helpful in the experience feedback cycle:

PEOPLE are the most important product.
There is no substitute for firsthand knowledge.

Retain responsibility from concept through completion.

Be a little suspicious.

Even the best designs have ""weak links."

Be pessimistic about success until achieved.

Mistakes are disastrous in one-of-a-kind programs.
Reliability and complexity abhor each other.

A single failure should not defeat a mission.

Minimize the required number of sequential events.

Do not launch mistakes; prove corrective actions by ground tests.
Last-minute "improvements' have a 100 percent failure rate.
Qualify all flight units by full system tests.

A qualified flight system is held inviolate to change or modification.

The success of the environmental test program at GSFC is attributed to the high quality of the
people conducting the program; the excellent facilities available; and the favorable, responsive, and
encouraging attitude of NASA management., The importance of having competent, professional environ-
mental engineers—not machine operators-plan and conduct this program cannot be overstressed.
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The benefits derived from an environmental test program conducted on a full system include the
verification of novel or unproven hardware, elimination of weak links, discovery of unexpected inter-

actions, qualification of the flight system, training of launch personnel, and development of future
design guidance.

The large cost and national importance of the space program has set the goals of high reliability
and successful performance for each launch in the space program. These goals have been achieved
for scientific satellites by means of a comprehensive test program duplicating operational and space
environment conditions on each flight system prior to launch.
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Appendix A

Satellite History
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